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Feinberg (76), Shuryak (78)
Disadvantages:

: low emission rate
dileptons and real photons are

emitted from different stages of the production from hadronic corona
reaction and not effected by final-

many production sources which
state interactions yp

cannot be individually

: : : . disentangled in experimental data
provide undistorted information g P

about their production channels

promising signal of QGP — charm ?,E, Q
,thermal‘ photons and dileptons /
Requires ¥ Q
which describe the
of heavy-ion collisions during

the whole time evolution! — g
ecay Y

thermal y resonance

decays




_.f. Dynamical models for HIC
Macroscopic / \ Microscopic

Non-equilibrium microscopic transport models —
based on many-body theory

hydro-models:

= description of QGP and hadronic phase Hadron-string Partonic cascades
by hydrodynamical equations for fluid models pQCD based

= assumption of local equilibrium (UrQMD, IQMD, HSD, (Duke, BAMPS, ...)

= EoS with phase transition from QGP to HG QGSM ...)

= initial conditions (e-b-e, fluctuating)
Parton-hadron models:

= QGP: pQCD based cascade

ideal viscous = massless q, ¢
(Jyvaskyla,SHASTA, (Romachkke,(2+1)D VISH2+1, = hadronization: coalescence
TAMU, ...) (3+1)D MUSIC,...)
(AMPT, HIJING)
= QGP: IQCD EoS @
- = massive quasi-particles
fireball models: =Hvbr'd_ (q and g with spectral functions)
. - - QGP phase: hydro with QGP EoS in self-generated mean-field
no explicit dynamics: = hadronic freeze-out: after burner - : ivati
parametrized time . . = dynamical hadronization
evolution (TAMU) hadron-string transport model = HG: off-shell dynamics
(-hybrid"-UrQMD, EPOS, ...) (applicable for strongly interacting
systems)




Production sources of photons in p+p and A+A

 Decay photons (in pp and AA):
m-=2>v+X, m=71%1, o1, a,,

[ Direct photons: (inclusive(=total) — decay) — measured experimentally
® prompt (pQCD; initial hard N+N scattering)

® hard photons:
® jet fragmentation (pQCD; qq, gq bremsstrahlung)
(in AA can be modified by parton energy loss in medium)

(large pr,
AuAu Min. Bias x10*

in pp and AA)
¢ QGP : © . uAu 0-20% x
" thermal photons: Auh 0:20% x10
L 10§ - © *  AuAu 20-40% x10
® Hadron gas of \ . e PHENIX
Turbide et al. PRC69

(low pr, in AA)

b
<

" jet-y-conversion in plasma

/?/ (large pr, in AA)

b
e

-h
(=1
FN

Ed'N/dp*(GeV%c?) or Ed’o/dp® (m
Q

® jet-medium photons
(large pr, in AA) - scattering of "
10‘*{
K2 I
107 >

hard partons with thermalized
Phys. Rev. C 81, 034911 (2010)

partons gparg+Jdacr271+d »
Qharg+gbarqgp2v+q

P, (GeVic)
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Production sources of thermal photons

EI Thermal QGP Turbide et al., PRC 69, 014903 (2004)
10—
RN Central Au+Au (s"?=200AGeV
Compton scattering g-gbar annihilation 1 PR e |
107 <N, >=800
< preozs
; 10°
+ soft .. 3 w0t} X e
] Rl T N
- A =370Me
q(q) +g — q(q) + v q+qg — g+ -y w0t | initial pQCD (pp) ’ ]
Photon rates from QGP: ? 1 : : ;

q, [GeV]
= pQCD LO: ‘AMY’ Arnold, Moore, Yaffe, JHEP 12, 009 (2001) € used in hydro !

= pPQCD NLO: aGale, Ghiglieri (2014)

= resummed QCD: off-shell massive q, g 0. Linnyk, JPG 38 (2011) 025105 € used in PHSD

D Hadronic sources:

(1) secondary mesonic interactions:

N T+ 2 p+Y p+x 2 +Y, 7+K 2 p+% ... TRG € used in hydro
HG rates from massive Yang-Mills approach (TRG) Turbide, Rapp, Gale, PRC 69, 014903 (2004)

Effective Lagrangian cross sections Kapusta et al PRC 69, 014903 (2004) € used in PHSD

(2) f meson-meson and meson-baryon bremsstrahlung:
\\ //
d m+m=> m+m+y% m+B2>m+B+y, m=7m,n,0.0.K K%..., B=p,A,...
/'/ \\

Models: chiral OBE, soft-photon approximation (SPA) ... € used in PHSD
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2010: Direct photon spectra for Au+Au at s2=200 GeV

PHENIX, Phys. Rev. C81 (2010) 034911

Variety of model predictions:
fireball, 2+1 Bjorken hydro, 3+1 ideal hydro
with different initial conditions and EoS

Models: assume formation of a hot QGP with
initial temperature T;,; at thermalization time T,

=» Huge variations in Tj,; and ;!

cq>"‘ 1 O E
F Thermal Photons in Au+Au at\[s, = 200 GeV
_‘éj L ¢ DATIA 0'20_% o . % BOOE ] D. d’Enterria & D. Peressounko
OOO 1 L ---.D. d'Enterria & D. Perfssounko. T, 7_590 MeV,t, = 0.15 fm/c §.. 100 :_ n S. Rasanen et al.
o;._, g N S. Rasanen et al.: T, = 580 MeV,t, =0.17 fm/c = E A D.K. Srivastava et al.
_g_ = ‘\‘“ﬁ -.- DK Srfivastava.'. Tof 450-600 MEY 1, = 0.2 fmic 600 = om I S. Turbide et al.
AR N T N R
W E \ \“\ ~_ J.Alam etal.: T, = 300 MeV,t, = 0.5 frnic 400
B ‘\_‘-a\i.. —W. Vogelsang: Prompty NLO pQCD x T, _ (0-20%) E *
- N 300 h
102 3 200 ;—
- 100?—
10°= T T T
= 1, (fmic)
10*E
- Lesson 1:
10°E . -
T R = in order to be conclusive on
PV P PPRRL O Py 1. TIOON photon production, the models must
I, P reproduce the final hadronic spectra,
T = .
i.e. to pass the basic check (Step 1)
QO Photon spectra show sensitivity for the adequate dynamical
to the dynamical evolution description of the HIC!
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PHENIX: Photon v, puzzle

0.25 T Vs - Y V2 dv _ 1 '

E L = EPPM(c1.0-28) | L d¢ — 2w (1 +2 Zn21 vy cos(n(¢ —
0'25 PHENIX _ e E.PPEC(jyj=3.1-3.9) |[ |
015 [ y - : o Vi v | O/

| m’ / : o Vi v gae)| [ [ 0.05

= 04 74 } C|E . |F # | - Au+Au, 572200 GeV, MB |
0.05 { - R §@ - Y - 0.04
of -------------------------------------------- { ----- :— % J i — YQGP v_ evolution

r r 03 -
0.05 | @ (b) jf/&‘?/ o =) *
B T B | \27 I P PRI I AT A NG

2 4 6 8 10 12 o 2 4 s a 0 12 0 2 4 6 8 10 12 ~ 002l

Phys. Rev. Lett. 109, 122302 {2017)

inc.

P, [GeV/c]

. PHENIX (also now ALICE):
strong elliptic flow of photons v,(ydr)~ v,(7)

/

m PRC 88 (2013) 034904 |

O Result from a variety of models: v,(y9'") << v,(T) 10 \ Numbers of collisions:
T | q+9q
z o'l ‘ s==cq + g
O Problem: QGP radiation occurs at early times when 2
flow is not yet developed = expected v,(y3¢F) 20 Emz
SNV, =
vV, = weighted average v, =Z—N = a large QGP contribution [
10'

i 0 5 10 15 20 25

gives small v,(yCGP)
t [fov/c]

O NEW (QM’2014): PHENIX, ALICE experiments - large photon v; !

—

Challenge for theory — to describe spectra, v,, v; simultaneously !
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Photon production in hydrodynamical models

 Step 2: = From smooth Glauber initial conditions to event-by-event hydro with

- - - - - -
fluctuatlng Inltlal condltlons 100;\‘IHI|\III‘IIH‘HII‘IIH'HI\‘IIII'IH\ TTT T TTIT] g “‘25'_""l"l"'l'l"ﬂllt'"'I"zbbl"h"‘l""k",'hll_']]'c'.'l""l""
[ & 2004 GeV Au+Au@RHIC 3 [V O therma dEeles eV ALEALE ]
- 10 ? ~ Direct Photons, 20-40% centrality _§ i C E . PH}::[_{V\{[I:])}C) b
- 2L — _ s — smooth (MC =
J 560 o 10 E STy hd z}[f})::(;c'b+1'| nnnnnnn 1FIcy 3 o E o ¥, (RP) b
as as " af SR - —- Thermal (FIC, 5=0.4 fm) B - - (PP B
Jyvaskyla w o T wE o "2 _oasp | E -
. . 400; — 4 E 4> D —— NLOpQCD | L'— = . —
£ . = e = = - 4
ideal hydro £ 9 2w Z2YE ] Rk # g
- = sC — ] 10— b
- 240 w10 E R R E L _
R. Chatterjee et al., s J s S [ 20-40% Centrality bin ]
-5 160 = 10t BT Fo=0.4 fm, 1 = 0.17 fm/e R
PRC 88, 034901 (201 3) - 10 E Compton+annihilation *‘ ~ 3 L5 e ] { —
= Fragmentation - = R - _.' iy 4
10 E b - =~ Y
-5 0 5 E E B - = _2
x [fm] lo-ﬂ?\luﬂ_\lll\llu\\||\llu|H|\\||||||H\_\\||\_|l\||\f 0.0 b b bere bl by LT E
10 15 20 25 3.0 35 40 45 50 55 60 O T3 2005 3.0 55 40 45 50 535 6.0

py (GeVic) Py (GeVie)

= Lesson 2: effect of fluctuating initial conditions:
slight increase at high p for yield and v, = small effect, but right direction!

O Step 3: = From ideal to viscous hydro Ty " RHIC energy
(3+1)D MUSIC (McGill) (2+1)D VISH2+1 (Ohio State) : £ 7.l hermal photona™

M. Dion et al., PRC84 (2011) 064901 C. Shen et al., arXiv:1308.2111, arXiv:1403.7558 = s QGP +HG

0.5 1 1.5 or ;‘ZGCV;Z.S 3 35 4

< Lesson 3: effect of shear viscosity:

* small enhancement of the photon yield

* suppression of photon v, S oo

* effect on v, for photons is stronger than for hadrons oots |

O Al g

Elena Bratkovskaya (Uni. Frankfurt) pr (GeV) 8




Step 4: Hydro with pre-equilibrium flow

3 .Initial‘ flow: rapid increase in bulk v, in fireball model

van Hees, Gale, Rapp, PRC84 (2011) 054906 10* \ e
PP (201) ALICE (preliminary)
e i ~ 10} Au+Au, 2760 GeV
Q pre-equilibrium flow in (2+1)D VISH2+1 - 2014: 7 . ’
C. Shen et al., arXiv:1308.2111, arXiv:1403.7558; 1407.8583 3 10° s .
- viscous QGP and HG fluid (1/s=0.18) g0t
= Initial: ,bumpy‘ e-b-e from MC Glauber /KLN 8 g2
u EOS: IQCD § ----- thermal + pQCD
* QGP photon rate: AMY o _ REC Pt nbisresmoernee: o RN,
= HG photon rate: TGR for meson gas with viscous corrections L ® % Auce | | | |
10 0.0 0.5 1.0 1.5 20 25 3.0 3.5
. ags . r (GeV)
®* Generation of pre-equilibrium flow: 0.20 i
using free-streaming model to evolve the partons ZZI hermal + pOCD + shor Ived decars
right after the collisions to 0.6 fm/c sinm sme o
+ Landau matching to switch to viscous hydro
] ] ff}, 0.10}
= quick development of momentum anisotropy \
with saturation near T¢ D P
pr (GeV)

% small effect on photon spectra

¥ slight increase of v,

Warning: results can be considered as
upper limit for the pre-equilibrium flow effect!

Elena Bratkovskaya (Uni. Frankfurt)
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What else?!

Q Further improvements of hydro models ?
= Bulk viscosity

= Modeling of initial pre-equlibrium effects

®* Non-equilibrium dynamics ?

® Missing strength related to hadronic stage in hydro ?

B > From hydro to non-equilibrium
microscopic transport models :

use PHSD as a ,laboratory for that

Elena Bratkovskaya (Uni. Frankfurt) 10



Parton-Hadron-String-Dynamics (PHSD)

PHSD is a non-equilibrium transport model which provides the microscopic
description of the full collision evolution

_;‘ 3 Basic ideas: o ]
- = explicit phase transition from hadrons to partons '
@ ¥ = |QCD EoS (cross over) for the partonic phase
R = explicit parton-parton interactions - between quarks and gluons
= dynamical hadronization ol S S
= off-shell hadronic collision dynamics in the final reaction phase - TIMev]

J qGP phase is described by the Dynamical QuasiParticle Model (DQPM)

. . . . A. Peshier, W. Cassing, PRL 94 (2005) 172301;
| -
strongly interacting quasi-particles W. Cassing, NPA 791 (2007) 365: NPA 793 (2007)
- massive quarks and gluons (g, q, q,..,,)
with sizeable collisional widths in 1'"l ul o

self-generated mean-field potential

= Spectral functions:4 )
al .
p(o,T )= l

(i=q,4.g) (wz -p -M( T))Z +40° I (T)

107 light quark
\ T=3T,

DQPM matches well lattice QCD

2
Bk \(‘,e\n

] Transport theory: generalized off-shell transport equations based on 1st order
gradient expansion of Kadanoff-Baym equations
(applicable for strongly interacting systems!)

W. Cassing, E. B., PRC 78 (2008) 034919; NPA831 (2009) 215; W. Cassing, EPJ ST 168 (2009) 3

ovskaya (Uni. Frankfurt) Quark Matter-2014 11




PHSD: photon spectra at RHIC: QGP vs. HG ? @

d’N/Q2rp, dydp,) [GeVe’]

= Direct photon spectrum (min. bias) PHSD:

12

Au+Au, Sx

[a—
'=.—

—TTTT
f"'-"

@ PHENIX, PRL 104, 132301

Linnyk et al., PRC88 (2013) 034904;
PRC 89 (2014) 034908

=200 GeV. MB, |V|<0,35| = QGP gives up to ~50% of direct photon
- yield below 2 GeV/c

== ==mB—->mBy .
R —=>pY, *p —>TY ]

PHSD:
10" f_fﬂ-?%;;,'i\ — (S)‘;;"}, | sizeable contribution of hadronic sources,
E S ===- pQCD dominant — meson-meson (mm) and meson-
10" [ \ — - =-mm->mmy Baryon (mB) bremsstrahlung

10° [ A m+m = m+m+Y, (S;
m+B 2> m+B+7,

10° [ \\./
10-4 i m=7z;77,p;(0;1(,[(*,... / \\

! ] B=

0 1 4 P

The slope parameter 1.5 (in MeV) ! mm and mB bremSStrahlung channels
PHSD PHENTX can not be subtracted experimentally !
QGP hadrons Total [38]
260220 | 20020 | 22020 2331419

Measured Teft > ,true‘ T =» ,blue shift’ due to the radial flow!

Cf. Hydro: Shen et al., PRC89 (2014) 044910

Elena Bratkovskaya (Uni. Frankfurt)
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Bremsstrahlung - theoretical uncertainties

A Uncertainties in the Bremsstrahlung channels in the previous PHSD results :

1) based on the Soft-Photon-Approximation (SPA) (factorization = strong x EM)

Q Soft Photon Approximation (SPA):
m;+m,=> m;+m,+y

C. Gale, J. Kapusta, Phys. Rev. C 35 (1987) 2107

d*a” _ad(s)
Bq 4T g

5(s) = 2

2) no experimental constraints on m+m and m+B differential elastic cross sections

do

\@

o(s), " \
AN

— (M, + M,)?
IVE;

(used 6,™™=10mb )

 Bremsstrahlung: seen at SPS - WA98

Firebal model: Liu, Rapp, Nucl. Phys. A 96 (2007) 101
,_Central Pb-Pb s —17’ 3AGeV

10 HLRRRAR AR R T 10° T
—-HadonGas 1 F e - sum+Brems
\ WA98 -~ QGP (T,2205MeV)] - HG
T = Sum . —~ 10° .
> \\ - = Sum + 71y (SPA) ] -=-QG
] St -
o 10'F
m'U
=
p
T 4 .
& WA98 Data T
10" N 1§ 2.35<y<2.95 4
0 01 02 03 04 05 06 07 08 0.1 0.2 03 04 05
q, [GeV] q, (GeV)

= effective chiral model for tn->nry, tK->nKy

HSD: E. B., Kiselev, Sharkov, PR C78 (2008) 034905

directy: Pb+Pb, 160A GeV,

I

10% central, 2.35<n<295 |

1 T I T 1
s—E=sum
—E—=n'->pty

2 “ ‘ HSD: no medium effects

—f— 0)—>:r|:°+y
o>y
—_—[— a —>mHy
== +a—>p+y
—O=—Tip >ty
—*— mm->mmy
— s —mB->mBy

Ed'N/d’p 1GeVie]

@ WAISR

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
P, |GeV/c]

bremsstrahlung gives larger contribution
than SPA

= mm and mB Bremsstrahlung is an important
source of soft photons at SPS energies!

Elena Bratkovskaya (Uni. Frankfurt)
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Bremsstrahlung - theoretical uncertainties

Beyond the Soft-Photon Approximation:

Q Effective chiral Lagrangian with o, p, and p‘ exchange for n+xn (chiral OBE model) :

L= gyo0,m-tmT + g, p* Xy + gf [ m I w

. . 2 — Rates of T+T—>T+T+
elastic w+r cross sections from OBE: 10 t— iy Y
total differential 107 \
R o \ T=150 MeV
140 R ek I . . . ; . ﬁrs 10 "~
! 10 | J
120 e Data - E ] — 5
100 | OBE, = N 10
—_— o,pandp' 7 E 1|
"g 80 ---- OBE, | & | % 10-6
—_— candp & [~ —c=10mp w
o 60 - —o0=10mb { £Loq|----0BE,candp — 7
| i —~ F OBE, o, p and p' o) 10
40 | 2 [—#— OBE, o, p and p', =
full p' propagator @ -8
20 ; 0.01 3 1 E 10
T Tos os v 12 4 W s Gey, = 9 | e OBE, o, p and p'
p . 10 05 00 05 1 - 10 e
s [GeV] Cos () = w kT SPA, c, from OBE
10 ——SPA, 6,=10 mb
=Tensor meson p‘ important at higher sqrt(s) and p.(y) 10" OBE, o, p, Liu and Rapp

=Strong angular dependence of elastic cross section —
0.0 0.4 0.8 1.2 1.6 2.0

q, [GeV/c]

Linnyk et al., in preparation

Elena Bratkovskaya (Uni. Frankfurt) 14



PHSD: new photon spectra at RHIC beyond SPA @

= Direct photon spectrum (min. bias)

O m+m bremsstrahlung based on the d m+m bremsstrahlung based on the
Soft-Photon-Approximation (SPA) chiral OBE model

Linnyk et al., in preparation

Linnyk et al., PRC88 (2013) 034904; PRC 89 (2014) 034908

Au+Au, s =200 GeV, MB, lyl<0.35

Au+Au, s “=200 GeV, MB, lyl<0.35

0
10" | PHSD:

10" @ PHENIX, PRL 104, 132301 .
e—— Sum
PHSD: . —o— QGP
10’ - Sum 10 R\ = = e mm-—>mmny
O QGP = =mB->mBy
-—-a ])Q(‘D I —>pY, °p —>TY

— = = N—>mmy
== ==mB-—>mBy
TR —>pY, °p =>Tf

10 X, 3 ==== PQCD

d’N/(2np, dydp,) [GeV~c’]
=

dZNI(Zrcp.I,dydp.l,) [GeV7c']
=

0 enhancement of low p; yield = m+m (and m+B) bremsstrahlung
O reduction of high p; yield from m+m bremsstrahlung dominates photon spectra at low p;

Elena Bratkovskaya (Uni. Frankfurt) 15
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2nprdprdy

]

Photon p; spectra at RHIC for different centralities @

: PHENIX data - arXiv:1405.3940 PHSD predictions:
from talk by S. Mizuno at QM‘2014 O. Linnyk et al, Phys. Rev. C 89 (2014) 034908

— Linnyk er al

00w - wHees er al

- == Ehener al (KLMN)

 How to separate hadronic

(GeV/e)?

10° [ ---- Shen er al (MCGIb) ] ] -
: and partonic contributions ?
1oL
. = Look at the centrality
v dependence of photon yield!
103
10 4

_gs

. PHSD approximately
reproduces the centrality
dependence of photon spectra

105

10" |
100 |

10!

102

Q mm and mB
bremsstrahlung is dominant
in peripheral collisions in the
PHSD calculations

Tiged|

Tigedt

105
60-92%

Il 2 _
pr [GeV /c]

Elena Bratkovskaya (Uni. Frankfurt) 16



Centrality dependence of the ,thermal‘ photon yield

O. Linnyk et al, Phys. Rev. C 89 (2014) 034908

PHENIX (arXiv:1405.3940): PHSD dicti
predictions:

[ Partonic channels scale as ~Npa'-"°

(‘Thermal’ photon yield = direct photons - pQCD)

1/2
— Au+Au, s "=200 GeV, |y|<0.35

10 oy - 3 thermal photons
i { ._E: i .’.":
B 3 % 10 | M ’_’,,! 3
100} E- 3 & e 5
— W [ - Lo ]
f’ .y ‘E t v L _,” ,«‘. E
=15 10-1 i” % ' n-[l— - - ,"‘ PHSD ;
A Y, | o P ]

[ - > <« 0.1 .-"'! ® H sum
= ® QGP
g ~ . .7 A hadrons]
1072 ||| $ pr>04GeV/c ¥ pr>10GeVje | > - s T
! = 0.01 L .- ——— const * N7 _
¥ pr>0.6GeVjc § pr>12GeV/c ~. 1 part 3
I pr>08GeV/c & pr>14GeV/e % ----- const * N n”s ]
3 ) M M M M i 1 M
Yo 107 10 100
Npart N

part

J PHSD: scaling of the thermal photon yield with Np.«* with o~1.5

U similar results from viscous hydro:
(2+1)d VISH2+1: o(HG) ~1.46, o(QGP) ~2, o(total) ~1.7

= What do we learn?
Indications for a dominant hadronic origin of thermal photon production?!

Elena Bratkovskaya (Uni. Frankfurt) 17



Are the direct photons a barometer of the QGP? @

O Do we see the QGP pressure in v,(y) if the photon productions is dominated s '('5'3:“3’;‘:;41'04

by hadronic sources? PRC 89 (2014) 034908

inclusive photon v,

1) vo(y"!) = v,(7?) - inclusive photons dominanty stem from
n° decays

02 L AutAu, s *=200 GeV, MB, |y|<0.35

" PHISD @ PHENIX
e ™ PHSD
}H — -TiMIIISD

01 L

. = HSD (without QGP) underestimates v, of hadrons and
- inclusive photons by a factor of 2, wheras the PHSD model
with QGP is consistent with exp. data

= The QGP causes the strong elliptic flow of photons

B e e s | indirectly, by enhancing the v, of final hadrons due to
Mo '[')" [Gev‘j,f] ¥ 23 | the partonic interactions
direct photon v, in PHSD
03 | AutAu, s *=200 GeV, MB, lyl<0.35 ||
® . O PHENIX Direct photons (inclusive(=total) — decay):

os | n T NN } | 2) vy(y@) of direct photons in PHSD underestimates the
) { 5 PHENIX data :
- 9 V,(Y9CP) is very small, but QGP contribution is up to 50% of

01| total yield = lowering flow

.\
= PHSD: v,(y9") comes from mm and mB bremsstrahlung !

0.0

00 05 10 15 20 25
P, [GeV/c]

Elena Bratkovskaya (Uni. Frankfurt) 18



Photons from PHSD at LHC

PHSD- preliminary: Olena Linnyk . .
PHSD: v, of inclusive photons

Pb+Pb, s ""=2.76 TeV, 0-40% central, lyl0.7 0,25 :

Inclusive photons
Pb+Ph, s “=2.76 TeV, 0-40% central, lyl<0.7

B ALICE preliminary

PHSD: 0.20 ¢
e Sum
—0=— QGP 0.15 [
=== pQCD

— == nm->mnmy
= =mB->mBy

TR —>pY, Top —>TY

@ ALICE inclusive y
e PHSD inclusive

PHSD: direct photons
Pb+Pb, s “=2.76 TeV, 0-40% central, lyl<0.7|]

@® ALICE preliminary T

3 4 015 L —— pHSD ]

d’N/2np dydp,) [GeV7e’]

; ,
P, [GeV/c]
 Is the considerable elliptic flow of direct photons at
the LHC also of hadronic origin as for RHIC?!

 The photon elliptic flow at LHC is lower than at RHIC 2
due to a larger relative QGP contribution / longer QGP 5
phase.

0.00

= LHC (similar to RHIC):
hadronic photons dominate spectra and v,

= = without bremsstrahlung o
[ L 1 L 1 L

L 1 L 1 L ]
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35

P, [GeV/c] momieeen
Elena Bratkovskaya (Uni. Frankfurt) 19



Towards the solution of the v, puzzle 4

® |s hadronic bremsstrahlung a ,solution‘? G

Other scenarios: 4

= Early-time magnetic field effects ?

Basar, Kharzeev, Skokov, PRL109 (2012) 202303; Basar, Kharzeev, Shuryak, PRC 90 (2014) 014905
,» --. @ Novel photon production mechanism from the conformal anomaly of

QCD-QED and the existence of strong (electro)-magnetic fields in heavy- ion collisions.*

Exp. checks: v;, centrality dependence of photon yield (PHENIX: arXiv:1405.3940)

= Glasma effects ?
L. McLerran, B. Schenke, arXiv: 1403.7462

» .. Photon distributions from the Glasma are steeper than those computed in the
Thermalized Quark Gluon Plasma (TQGP). Both the delayed equilibration of the Glasma and
a possible anisotropy in the pressure lead to a slower expansion and mean times of photon
emission of fixed energy are increased.”

= Pseudo-Critical Enhancement of thermal photons near T¢ ?
H. van Hees, M. He, R. Rapp, NPA 933 (2014) 256

* non-perturbative effects - semi-QGP ’
Y. Hidaka, S. Lin, R. Pisarski et al., NPA931 (2014) 681

= 2??
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@ Messages from the photon study

Q sizeable contribution from hadronic sources - at RHIC and LHC
hadronic photons dominate spectra and v,

O meson-meson (mm) and meson-Baryon (mB) bremsstrahlung are
important sources of direct photons

. mm and mB bremsstrahlung channels can not be subtracted
experimentally !

d The QGP causes the strong elliptic flow of photons indirectly, by
enhancing the v, of partons and final hadrons due to partonic
interactions

Photons — one of the most sensitive probes for the dynamics of HIC!

Elena Bratkovskaya (Uni. Frankfurt) 21



PHSD group HIC

for

FAIR

FIAS & Frankfurt University Giessen University

Elena Bratkovskaya Wolfgang Cassing
Rudy Marty Olena Linnyk
Hamza Berrehrah Volodya Konchakovski
Daniel Cabrera Thorsten Steinert JUSTUﬁﬂﬁfglﬁ%iTﬁT
) Taesoo Song Alessia Palmese GIESSEN
GOETHE g Andrej liner Eduard Seifert
UNIVERSITAT -
FRANKFURT AM MAIN External Collaborations
SUBATECH, Nantes University:
| Jorg Aichelin
FIAS Frankfurt Institute £ Christoph Hartnack

_ - for Advanced Studies & Pol-Bernard Gossiaux ubatech

Vitalii Ozvenchuk

Texas A&M University:
Che-Ming Ko
iM | TEXAS A&M JINR, Dubna:
Viacheslav Toneev
Vadim Voronyuk

BITP, Kiev University:
Mark Gorenstein U " B
Barcelona University:
Laura Tolos Universitat Autdbnomal
Angel Ramos de Barcelona




Thank you !

Elena Bratkovskaya (Uni. Frankfurt)

23



V, at RHIC

-0.1

Elena Bratkovskaya (Uni. Frankfurt)
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Properties of parton-hadron matter: electric conductivity

*The response of the strongly-interacting system in equilibrium to an
external electric field eE, defines the electric conductivity c,:

! ~ | Electric conductivity I ?3 = é j‘}
- X = . o
S 1 pl(t)
o/ ’ —  — . e .
. J= (f) vV Z €4 M F(f.)
— 0.1% E j :
Ny f 3 T .
- =>the QCD matter even at T~ T, is
E 3 o 052 1 | a much better electric conductor
0.01 3 —--bepm 4 | than Cu or Ag (at room
A QO kx m ¢ lic ] | temperature) by a factor of 500 !
1 T/TQ 3 4 5
C
Q Photon (dilepton) rates at q,~>0 are dR T
related to electric conductivity o, LFTISE Q. ., ERL

= Probe of electric properties of the QGP
W. Cassing et al., PRL 110(2013)182301
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LPM effect

(87 /3T?) Jimy (o dR/d’p)

" | Thermal photon rate at T=190 MEVI-

o/T=0.04, PRL110 (2013) 182301

s decoherent ]
- = PM, :""""=3.33 fm/c ;
- e LPM, I.-ti‘i.‘E'FT: 1.9 fm/c :

Elena Bratkovskaya (Uni. Frankfurt)



Are thermal photons a QGP thermometer?

0 (2+1 )d viscous hydro VISH2+1 (OhiO) C. Shen et al., PRC89 (2014) 044910; arXiv:1308.2440

= Contour plots of differential photon yield

*Time evolution of the effective temperature vs. time and temperature T and T, :

» Tesi= -1/slope vs. local fluid cell temperature T

0.50 - - - F
-— baseline Lo MCGlb. 7/s =0.08 0.96
0.45} © © photon spectrum w, equilibrium rates/ ot _ : Au+Au 0-20% @ v =2004 GeV (a) 2
# @ photon spectrum w. viscous rates e 084 .
0.40t — equilibrium emission rates / e ‘
—_ — PHENIX A 0.72 24
% 0.35¢
9 ' 0.60 2.0
2 0.30¢ ] 0.48 16
E — - 036 12
1% L
:_'uﬁ 025 ‘ =3 024 08
0.20¢ -
015 ()
0 i MCGlb., n/s=0.08, AuAu @ RHIC, 0-20% T(fmlcﬁ) 8 10  (fm/c)
'JCE’ID 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
T(Gev) Exp. Data:
« RHIC: T,;=221+19+19 MeV
R.Ell‘l:g‘e: of photon Fraction of total photon yield = LHC: Teff=304 +51 MeV
chssion AuAu@RHIC PbPb@LHC
0-20% centr. 0—40% centr. 1+v
U Measured Teff > ,true’ T T, =|——T
T = 120-165 MeV 17% 15% I-v
T = 165-250 MeV 62% 53% O ,blue shift’ due to the radial flow!
T = 250 MeV 21% 32%
— _ Q only ~1/3 at LHC and
T =0.6-2.0fm/c 28.5% 26% 1/4 RHIC of total phot
T > 20 fm/e 71.5% 74% ~1/4 at ORI ERIOIONSICOME
from hot QCD (T>250 MeV)
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Dynamical QuasiParticle Model (DQPM) - Basic ideas:

DQPM describes QCD properties in terms of ,resummed’ single-particle
Green's functions — in the sense of a two-particle irreducible (2Pl) approach:

Gluon propagator: A'' = P2-11 gluon self-energy: Il = M- i2l' @

Quark propagator: S;' = P2 - X quark self-energy: X = My>- i2l' @

q

» the resummed properties are specified by complex self-energies which depend

on temperature:

-- the real part of self-energies (X, I1) describes a dynamically generated mass
(Mg, M,);

-- the imaginary part describes the interaction width of partons (I';, I')

" space-like part of energy-momentum tensor T, defines the potential energy
density and the mean-field potential (1PI) for quarks and gluons (Uq, Ug)

"2PI framework guaranties a consistent description of the system in- and out-off
equilibrium on the basis of Kadanoff-Baym equations

A. Peshier, W. Cassing, PRL 94 (2005) 172301;
Cassing, NPA 791 (2007) 365: NPA 793 (2007)
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The Dynamical QuasiParticle Model (DQPM)

Properties of interacting quasi-particles: 4wl (T)
massive quarks and gluons (g, q, q_,) A(oT)= PO l 2
with Lorentzian spectral functions : (a) -p" M (T ))2 +40’ I (T)

(i=4,9,8)
" Modeling of the quark/gluon masses and widths - HTL limit at high T
= quarks: : E = gluons:
. / :\T. -1 . : ,u 2 N Y 2
. 2 _ ¢ 2({ 2 , Mg 5 G A U P H
q
width: + o _ 1NZ—1¢°T . (2c 1.4 2c
Toa(T) = 3 55 5 1“(92 n 1) Ty(T) = SN2 111(5,2 +1) .
" running coupling (pure glue): 1| 6 10CD (3ot |
2 2.04! —— DQPM (N;=0) ]
a {TJ = J {T} — 12 " - - - DQPM (V;=3)
47 (1IN, —2N;)In[\2(T/T. - T./T.)?] 1_5% .
2 fit to lattice (IQCD) results (e.g. entropy density) Lok IQCD: pure glue
with 3 parameters: T/T =0.46; c=28.8; A=2.42 o
(for pure glue N;=0) "
DQPM: Peshier, Cassing, PRL 94 (2005) 172301; 03

Cassing;-NPA 791-(2007)-365: NPA-793(2007)—— - T2 1 6 8 10;9
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Parton Hadron String Dynamics

& /
\\ @ % 0@ ° .
NN | From hadrons to QGP: o  ‘euied QGP phase:
':r ¢ # Initial A+A collisions: o0 % STo0id, €2 € itical
1_';,: » - string formation in primary NN collisions
“ ;" - strings decay to pre-hadrons (B - baryons, m — mesons) 2
w s # Formation of QGP stage by dissolution of pre-hadrons

into massive colored quarks + mean-field energy
based on the Dynamical Quasi-Particle Model (DQPM)
which defines quark spectral functions, masses M (&) and widths /(&)

+ mean-field potential U, at given &- local energy density ) o
( related by 1QCD EoS to T - temperature in the local cell) T [MeV]
I1. Partonic phase - QGP:
# quarks and gluons (= ,dynamical quasiparticles*) “
with off-shell spectral functions (width, mass) defined by the DQPM sl
# in self-generated mean-field potential for quarks and gluons U, U, nf

15F |

# EoS of partonic phase: ,crossover® from lattice QCD (fitted by DQPM)
# (quasi-) elastic and inelastic parton-parton interactions:
using the effective cross sections from the DQPM

III. Hadronization: based on DQPM

# massive, off-shell (anti-)quarks with broad spectral functions
hadronize to off-shell mesons and baryons or color neutral excited states - 5000 o o
,strings ‘ (strings act as ,doorway states‘ for hadrons) o0 o008 8

: I'V. Hadronic phase: hadron-string interactions — off-shell HSD

o [mb]




1/m, dN/dm dy [(GeV)’]

Transverse mass spectra from SPS to RHIC

Central Pb + Pb at SPS energies Central Au+Au at RHIC

, J Pb+Pb, mid-rapidity L o |Au+Au @ s =200 GeV, 5% central, lyl < 0.5 I

@ PHENIX
BRAHMS

10

—
=

[80AGeV,7% | 5

4 1wl

‘ 40 A GeV, 7% I

[158A GeV,5% |

4wl

—

4 10t 4 10° )

ot

I 4 10

—

-

4 'L B I T
' 0
10" ¢

w' L w' L

m, "' dN/(dm dy) [(GeV)?]

1 L

4wl

0o 0.2 0.4 0.6 0.8 L0 0.0 02 04 0.6 08 LO ].I’Z I ]t4 ‘ lj(n ’ ].IS 0.0 0.5 L0 L5 2.0 2.5
m,-m, [GeV] m,-m, [GeV] m_-m [GeV]

J PHSD gives harder m; spectra and works better than HSD (wo QGP) at high
energies — RHIC, SPS (and top FAIR, NICA)

- however, at low SPS (and low FAIR, NICA) energies the effect of the
partonic phase decreases due to the decrease of the partonic fraction

W. Cassing & E. Bratkovskaya, NPA 831 (2009) 215
E. Bratkovskaya, W. Cassing, V. Konchakovski,
O. Linnyk, NPA856 (2011) 162
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Elliptic flow v, vs. collision energy for Au+Au

0.07TF — ] 1.0f B i s
% STAR Au+ Au, all charged 1 [ b= 10 fm
0.06 F @ data minbias, n| < 1 . -
: . ] = ']-Sj Au + Au, n| <1
0.0sF PHH) i = —_— 200 GeV
p =~ HSD ‘__h, 0.6 62 GeV
0.04 ] 26
.o [ b =i 19 GeV
- - = 3
0.03 F ® . = 04f i
5_ S C S ) E A
nv.uzE %“{’ %‘ T {——% T
0.01F ]
] 0.0
0.00 —+—+—+—+ f f —t—+—+—++ —
[ @ PHENIX prel. Au+ Au, all charged ] t [fm/c]| t [fm/c]
0.12| == PHSD 30-40%, In| < 1,p_: 0.75-1 GeVie
- —4- HSD ] . - :
0.10f . " v, in PHSD is larger than in HSD
oos ] due to the repulsive scalar mean-
= el field potential U,(p) for partons
0.04f I _E__}_ﬁ%_,%__%ﬂ : u vzgrows_with bombarding energy
oo ,«H ] due to the increase of the parton
Tl : fraction
0.00 b———mdt e
10 s [GeV] 10 V. Konchakovski, E. Bratkovskaya, W. Cassing, V. Toneev,

V. Voronyuk, Phys. Rev. C 85 (2012) 011902
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pr spectra at LHC

Mean pr of charged hadrons vs N, pr spectra of charged hadrons
p+p at s'2=7 TeV and pions

p+Pb at s12=5.02 TeV, central Pb+Pb at s12=2.76 TeV
Pb+Pb at s12=2.76 TeV

1.0 | | | | | | | | | | r:fl_ " — —_
<03, 015<p_<10 GeV/e s 1 Pb - Pb, s\ =2.76 TeV
0.9k 1 = 10° In| < 0.8, 0-5 % centrality
B m 2 1 ALICE PHSD
=2 08f 1 2710 O == charged
Z <=
" -
S 07 ] £ 1
A Z 10
a 0 6 by r:U 2
v 0. PHSD ALICE Z 10
I e P-p Vs=7TeV c;-l 03
0.5 == .« p-PbVs=5.02TeV ] K
=== . Pb-Pb ys=276TeV] =10~
0.4 » » - [ ™ ™ . [ ™ ™ - [ ™ ™ ™ [ ™ ™ ™ [ ]
0 20 40 60 80 100

Nch

= PHSD reproduces ALICE data

V. Konchakovski, W. Cassing, V. Toneev, arXiv:1411.5534
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V. (n=2,3,4,5) at LHC

0.35 p=r=—r—s—r—

"Pb-Ph, |5,\=276TeV
eV, 30 - 40 % centrality

0.12} " Pb-Pb, s =2.76 TV

_ 0.30
eV, 0 -5 % centralify.
0.10F o v [ 11 ox

5 0.20

rl'l{

= 0.15

0.10

0.05

0 1 2 3 4 5
P, [GeV/c]

symbols — ALICE
PRL 107 (2011) 032301

*PHSD: increase of v, (n=2,3,4,5) with p, lines — PHSD

= v, iIncreases with decreasing centrality

= v, (n=3,4,5) show weak centrality dependence

V. Konchakovski, W. Cassing, V. Toneev, arXiv:1411.5534

Elena Bratkovskaya (Uni. Frankfurt) 34



